Measurements were made of the motion of the filamentary structures in a plasma ball using high speed cameras and other optical detectors. These filaments traverse the ball radially at ~10 6 cm/sec at the driving frequency of ~26 kHz, and drift upward through the ball at ~1 cm/sec. Varying the applied high voltage and frequency caused the number, length, and diameter of the filaments to change. A custom plasma ball was constructed to observe the effects of varying gas pressure and species on the filament structures.
Introduction
Plasma balls (sometimes called plasma globes) are popular science toys that show the complexity and beauty of plasmas, as illustrated in Fig. 1 .
However, the motion of the filamentary structures in these plasmas has apparently not been discussed in the literature, and the physics of this motion
is not yet well understood.
This report describes initial measurements of the motion of these plasma filaments made using high-speed cameras and other optical detectors available at PPPL. We also describe some preliminary experiments made with a custom plasma ball, in which other variables of interest can be adjusted such as the gas composition, applied voltage, frequency and electrode properties .
Of course, similar filamentary plasma structures have been observed and studied for many years in sparks, lightning, streamers, and dielectric barrier discharges. A spark is a transient high voltage breakdown occurring between two conducting surfaces [1] , in contrast to plasma balls, which discharge between insulating surfaces. Lightning depends on hard-tomeasure properties of clouds so is not well understood [2] . Streamers are "narrow rapidly growing ionized channels that generally emerge from sharp tips when a high voltage is applied, and prepare the path of sparks of all sizes" [3] . The physics of streamers involves a self-generated field enhancement and ionization at the head of a growing discharge channel [4] .
Fast images of streamers have been made in air between a point electrode and a plane electrode with a time resolution of ~1 ns, and show a complex 3 multi-scale branching structure similar to lightning, with a propagation speed of the streamer head into the neutral gas of ~10 7 -10 8 cm/sec [5] .
Streamers are normally transient one-time events, in contrast to the periodic steady-state nature of plasma balls.
Dielectric barrier discharges (DBDs) are filamentary AC plasmas made between insulating surfaces, i.e. the electrodes are located behind these insulators and are not in contact with the discharge [6] . Their frequency and pressure range is ~1 kHz-10 MHz and ~10 kPa-500 kPa, which are close to the normal ranges for a plasma ball. However, DBD plasmas are normally short-lived (~ ns) and short-length (~ mm) 'micro-discharges', which tend to occur in large numbers and move across the dielectric surfaces. Some forms of dielectric barrier discharges show interesting self-organized structures [7] [8] [9] , which are understood to some extent through numerical simulations. A steady-state atmospheric pressure DBD has been made with cm-scale filament structures at ~10 kV and 45 kHz [10] , but these structures do not move or branch like those in a plasma ball.
Thus there seems to be no description in the literature of the behavior of the filaments like those in a plasma ball (such as the one at the upper left in Fig. 1 ), except for a brief overview of its properties for physics teachers [11] . In this report we first describe the basic construction of a commercial plasma ball in Sec. 
Basic Construction of the Ball
The basic properties and construction of a typical commercial plasma ball (Edmund Scientific "Nebula Plasma Ball") are shown in Table 1 and The current is capacitively coupled through the inner glass bulb to the plasma filaments, and from the outside glass sphere back to the power supply in the base. The current inside the plasma ball is presumably carried by the visible filaments. The filament structure inside the ball can be changed by touching the outer glass sphere with a grounded wire or a finger, which produces a single bright filament. The current through such a filament was measured by an external AC Pearson meter to be ~1 mA. The ball frequency can be measured using the electromagnetic 'pickup' detected by any short antenna attached to an nearby oscilloscope. The typical appearance of this commercial plasma ball is shown at the top left of Fig. 1 , with a close-up view at the right in Fig. 2 . The filaments themselves are blue, but turn red when they reach the outer glass sphere.
Several different balls from this company were tried, all of which had nearly the same appearance. However, the number and length of the filaments in this ball did vary significantly with different applied voltages and frequencies, as described in Sec. 5.
Radial propagation of the filaments
While the filaments appear to be continuous in time to the human eye, they actually only exist for a fraction of the oscillating voltage cycle. Figure   3 shows photographs of the commercial plasma ball taken at 500,000 6 frames/sec using a Princeton Scientific Instruments PSI-5 camera at 2 µs/frame with a 64x64 pixel resolution. The images are in sequence from the upper left to the lower right, and displayed in a false color scale for clarity. The filaments can be seen to start at the surface of the inner electrode (upper left in each frame) and propagate radially outward to the outer glass sphere and then dissipate over ~3-4 frames, i.e. 6-8 µsec.
Therefore the propagation speed is ~10 6 cm/sec, and the filaments are bright for only ~20% of the discharge cycle.
Note that the filaments appear to follow the same path during each cycle. This was confirmed quantitatively by subtracting pixel intensities of consecutive discharge images. Filaments only begin to drift significantly with respect to their ~1 mm diameter over ~80 ms on average, i.e. they move at ~1 cm/sec. Thus the filaments which appear stable to the eye are the superposition of thousands of AC discharge cycles. The cause of this memory characteristic is most likely the ionization channel left by the previous high voltage pulse, even though the light intensity falls by up to 99% over the pulse cycle.
Long term Filament Behavior
Some truly remarkable behavior occurs as these fluctuating filaments drift through the ball, as illustrated in Fig. 4 . These images were captured using a Phantom 7.3 high speed camera with a framing rate of a few kHz.
The exact time between frames in indicated in each of the figures.
Filaments are typically (but not always) "born" near the bottom of the ball structure and drift upward from the electrode over a typical time of a few seconds. When they die, they retract back into the electrode over ~0.5 msec, as illustrated in Fig. 4(a) . Interestingly, this differs from how filaments disappear in each individual discharge period, as shown in Fig. 3 .
At normal operating frequency, filaments in the standard ball bifurcate, i.e.
split into two over their ~few second lifetimes; however, at higher frequencies, filaments were seen forming as many as 5 branches. Bifurcated filaments migrate upward in a fascinating manner. As the main body drifts upward, the lower branch will disintegrate and then a new branch will form above the surviving branch, so that the filament appears to "walk". In some regimes, single-stem filaments would "unzip" themselves into two disjoint filaments. Sometimes, filaments would "intercept" each other as shown in Figure 4 (b). These aforementioned phenomena typically occurred over milliseconds.
Variations with Frequency and Voltage
The commercial ball circuit was modified so that the internal 26 kHz Another observation from the voltage scan is that at voltages below 80
VAC the filaments do not reach the outer glass sphere, but do retain their overall shape, sharpness and color qualities (blue with red tips) at all voltages. Thus, the phenomena observed with changing frequency are at least in part due to the frequency increase rather than the voltage decrease.
Note that upon decreasing the voltage, a filament often remains at voltages as low as 55V, but it always disappears after a few seconds. Stable filaments persist as low as 60V. This hysteresis property is just a general property of discharges. It takes a certain critical AC voltage of ~70V to break down the neutral gas, but after breakdown, lower voltages can still maintain the discharge.
Radial Filament Speed vs. Voltage
The radial filament speed was estimated in Sec. 3 using the PSI-5 fastframing camera to be ~6 cm/6 µs ~10 6 cm/sec (Fig. 3) , but the accuracy of that measurement was limited due to the frame integration time of 2 µs. A second method was used to measure the radial filament speed with a lens and fiberoptic system to collect light from three chords along the radial dimension of the plasma ball, each chord having a diameter of ~0.5 cm.
These light signals were sent to three photomultiplier (PM) tubes to measure the time-dependence of this light with a ~1 µs time resolution.
A typical result of this detection method is shown in Fig. 7 (a). The three traces at the bottom are the signals from the three PM tubes, and the trace at the top is an electromagnetic "pickup" signal from the plasma ball measured by a short antenna. In this case the three channels were aligned vertically at the center of the ball to view any filament that passed through a vertical line. The peaks in the signals identify the times at which the filament passed the corresponding points in the ball during each discharge cycle. Clearly, this method only works when a filament happens to move into the path of all three points, but for brief time intervals, three peaks can be observed with the expected time lag of a few microseconds. By triggering with respect to the third (outer) peak and setting the scope trigger level appropriately, the traces will only be recorded when a filament passes through that point. Since it will most likely have passed through the first two points as well, all three peaks will be present for comparison.
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The variation of the radial speed measured this way vs. the applied AC voltage is shown in Fig. 7(b) . The speed increases almost linearly with voltage between 60-120 VAC, with a value of ~1.3 x10 6 cm/sec at the normal operating voltage of 110 VAC. This is close to the speed inferred from the filament motion shown in Fig. 3 . However, in Fig. 7 (a) the gap between the first two peaks is smaller than the gap between the second and third, suggesting that the radial filament speeds decreases with radius. However, this conclusion is apparently inconsistent with the intensity vs. time traces from the PM tubes shown in Fig. 7 . For example, in Fig. 8 the intensities along the filaments were always maximum near the central electrode (at the left), and decreased towards the outer glass sphere (to the right). This contradicts the scope traces in Fig. 7 because a filament like that should produce a strictly increasing intensity in time at each point along the path, at least until the filament disintegrated. Thus, we would expect the each of the 3 PM tube channels to rise in sequence, and not decrease before the next channel reaches its maximum.
Filament brightness vs. radius
It turns out that the decreasing intensity with radius in Fig. 8 is just an illusion caused by the exposure time of the PSI-5 camera. As the filament
propagates from point A to point B during exposure, pixels near A collect light for a longer time than those near B, so even if the filament tip is the brightest point in reality, there will always be an intensity decrease near the tip, with a characteristic decay depending on the exposure time. Knowing that the total propagation takes 4-5 µs, notice how the graphs of the intensity along the filament in Figure 8 show a roughly steady high intensity and then a roughly exponential drop-off. The duration of this drop-off appears to be about half of the full length of the plot, i.e. ~2 µs, which is the exposure time.
To verify that this effect, photographs of the ball were taken with a
Andor Istar camera capable of even shorter exposure times. As shown in 
Commercial Ball Startup
To understand the steady state behavior of the plasma ball it may help to explore how the filaments originate. When the AC power to the commercial plasma ball is first turned on, normal filaments to not form instantaneously, as shown by the high speed videos taken with a Phantom 7.3 camera in Figure 10 . These videos reveal that the initial discharge is a diffuse glow with some amorphous filamentary structures visible, and the normally thick ~1 mm filaments take ~100 µs to develop, which is ~300 discharge cycles. However, after ~0.1 sec these filaments are still straight and radial, and take up to ~1 sec to reach their normal bent and bifurcated structure. The evolution is sometimes qualitatively different from this, apparently depending on the phase of the 60 Hz wall voltage at startup, but overall, filaments evolve at startup over ~1 sec.
Custom ball design and filament structures
A custom plasma ball was built at PPPL during the summer of 2009 in which additional factors, such as gas composition and pressure, electrode properties and could be adjusted. The apparatus is pictured in Figure 11 . A spherical 2 liter (thick-walled) pyrex chemistry flask with three necks was used as the ball. It was evacuated with a roughing pump and filled with a mixture of up to two pure gases through one of the necks, which were sealed with rubber stoppers and vacuum grease. A central electrode of steel wool in a cylindrical test tube with a rounded end was inserted into the ball through the middle neck, and a commercial ball power supply was connected to this electrode. The third neck could be used in the future for inserting internal diagnostics. Neon was used as the primary gas, and xenon, nitrogen and air were used as trace gases. The externally controlled pulse circuit of Sec. 5 was used to apply variable waveforms to the central electrode.
The array of images in Fig. 12 shows some of the fascinating variety of filaments which were produced with this custom ball. At the lowest pressure achievable with our pump, a static orange glow fills the ball. In a typical experiment, the ball was filled with neon to about 0.2 atm. when the first diffuse filamentary structures were observed. Then, a small amount of trace gas was added, which typically sharpened the filaments. Then, Since such small amounts of gas strongly affected behavior, it is not surprising that residual gas remaining from the previous experiment influenced the subsequent experiment. Even when the ball was evacuated and refilled with pure neon, filament behavior could be different each time.
Because these trace gases could not be measured with our equipment, but are so critical to operation, a clear procedure for producing filaments of a certain type can not be specified at this time. However, filaments most resembling commercial balls were achieved at pressures ~0.2-0.8 atm. and at frequencies from 30-60 kHz, with mostly neon gas fill. Starting from below 5 kHz and raising the frequency, the ball would evolve from diffuse glow to diffuse filaments to ideal sharp filaments, until filaments began to shrink and eventually disappear at a few hundred kHz.
Experiments were also done with various central electrodes to see how they affected filament behavior and to understand why the configuration in the commercial product was chosen. At first, a small chunk of steel wool was used as the electrode in the test tube; however the filaments were formed preferentially from the points where the steel contacted the tube, and as they drifted upward they would break due to high curvature, as they did under normal operation in the commercial ball. When the inner surface of the top of the test tube was coated with conductive paint, the filaments moved more freely without breaking. Thus it was clear that the electrically conducting black coating on the electrode in plasma balls is not used just for aesthetic reasons.
Other observations
This section describes a few other observations and speculations made during these experiments, which can be topics for further experiments.
a) Filament color
The filaments in the commercial ball are blue for most of the length and red near the tip (see Figure 2) . The color change is presumably caused by the loss of electron energy as they propagate away from the electrode; in other words, at a certain radius, the electrons may be not energetic enough to excite the blue transitions. Thus, it seems likely that even when filaments only appear to traverse part of radius of the ball, as in Fig. 5(b) , the ionization channel actually extends to the glass, but is simply not bright enough to produce visible light.
This seems to be corroborated by placing a hand on the glass. Under normal operation, this attracts a large percentage of the current because the hand serves as a better ground than the surrounding air. But even at lower voltages where the filaments only partially traverse the ball, the hand causes an intense, full-length filament to form. This suggests that the electron stream was always reaching the outer glass, but the additional energy concentrated in a single filament, due to the hand was enough to excite visible light throughout its full length.
b) Convective motion
In the commercial plasma ball almost all of the filaments are born at the bottom of the ball (nearest the power supply base), and move upward at ~1 cm/sec toward the top of the ball, where they suddenly disappear.
However, when the ball is turned upside down, the filaments are born at the former 'top' of the ball, but still move upward, but now toward the base.
This suggests that the filaments move upward against gravity, presumably due to the upward convection of the warm gas surrounding the filament.
This was tested by putting ice on the top of a normally oriented plasma ball to change the temperature gradient inside the ball. The result, as shown in Fig. 13 , was that almost all of the filaments of the "ice-top" ball bent away from the cold air, except for one filament attached to the ice cube.
Clearly the temperature distribution inside the ball affects the formation and slow convective motion of the filaments. However, heating the top of the ball with a hot air blower did not significantly affect the filament distribution.
c) Attachment to the central electrode While filaments often twist and bend, they always seem to emerge perpendicular to the central glass bulb. This is most likely due to the fact that the local electric field near the edge of a conductor is always in the normal direction. The above effect may explain why the filaments in our custom ball were almost entirely in the upper hemisphere (Fig. 12) . We used the tip of a test tube (upside-down) as our electrode container, and thus there were no normal surfaces pointing downward on the central electrode.
Incidentally, with the conductive paint, it may no longer seem clear why the steel wool is needed. But if the wire tip was touched directly to the paint, the paint would melt there because of the extremely high current density at the point of contact, so then contact would be lost. So, the steel wool prevents melting by distributing the current more uniformly. It also holds the wire securely in place, guaranteeing permanent contact better than if the wire were loosely touching the paint.
d) Other experiments
An attempt was made to observe the gas density perturbations due to the filaments by measuring the deflection of a laser beam propagating through the plasma ball. A ~ few mm wide laser pointer was passed through the ball and projected onto a screen ~ 5 m beyond it; however, no significant deflection of the beam was observed due to the filaments.
Since the electromagnetic field of the plasma ball is so easily measured by a nearby antenna, an attempt was made to deflect the ball filaments by applying an AC magnetic field around the ball using several loops of wire driven by a signal generator. However, no deflection of the filaments was observed, even near the normal ball frequency of ~26 kHz.
Directions for further research
This report described observations and measurements of the structure and motion of filaments in a plasma ball, but did discuss the physics which causes these phenomena. The filaments in a commercial plasma ball are mainly created near the bottom of the ball and normally move upward at ~1 cm/sec. Thus the main filament motion seems to be driven by thermal convection of the gas near the filaments. However, there is at least one frequency range in which the filaments spontaneously moved downward in a commercial plasma ball.
Therefore experiments should be done to understand the general motion of the filaments, e.g. by controlled heating or forced gas flow inside the ball, and by varying the gas density or pressure. It would also be interesting to investigate how other forces might act on the filaments, e.g. by applying internal or external electric or magnetic fields. The filaments can also bifurcate from one into two, or merge together from two into one, as they move through the ball over a ~ few second timescale. This instability, and mutual interaction between filaments, can be systematically measured and Creative experiments will be needed to identify the mechanism(s) by which the filaments follow the path of previous filaments. 13. Effect of an ice cube placed on top of a commercial plasma ball (right).
Most of the filaments are a "repelled" from the cold top. 
